P erioperative blood loss is common after major surgery. Rapid identification of postoperative bleeding is necessary to limit complications because delay before transfusion can lead to increased morbidity and mortality. 1, 2 However, unnecessary transfusion exposes patients to certain risks and increases costs. 3, 4 Evaluation of the degree of blood loss can be challenging and is currently based on vital signs (arterial blood pressure, tachycardia), estimation of apparent bleeding, and hemoglobin (Hb) concentration.
Hb concentration may provide important information to quantify active bleeding and to facilitate decisions regarding the need for blood transfusion. However, measurement of Hb concentration from a blood sample is invasive, laborand time-consuming, and not continuous. Point-of-care testing is preferable, and the HemoCue photometer was developed for this purpose. This very accurate system is widely used in intensive care units (ICUs) and in the operating room, [5] [6] [7] but it still requires a blood sample (albeit small) and can provide only intermittent measures. Continuous, noninvasive Hb monitoring would not only facilitate more rapid decision making, for example regarding blood transfusion, but would also reduce the number of blood samples needed. In March 2008, the Masimo Corp. (Irvine, CA) released an innovative device that uses multiwavelength pulse oximetry for the noninvasive measurement of Hb: the Radical 7 (Rad7). For the Rad7 to be of clinical use, however, it needs to be accurate. Accuracy data have been established in healthy adults and in surgical patients, 8, 9 but accuracy has not been assessed in critically ill cardiac surgery patients. Critically ill patients after cardiac surgery are at particular risk of acute and major bleeding. Cardiac patients also often have coronary disease or cardiac failure, and are less tolerant of anemia than other patients. 10, 11 The ability to monitor Hb concentrations noninvasively and continuously could therefore be of particular use in this group of patients, enabling early detection of bleeding.
The aim of this prospective, observational study, therefore, was to evaluate the accuracy of the Rad7 analyzer in the cardiovascular surgical ICU by comparing Hb concentrations obtained with the Rad7 with those obtained from laboratory analysis. Our hypotheses were that the Rad7 analyzer would be sufficiently accurate to be of use in the cardiac surgical ICU and that the updated software version V 7.3.1.1 would be more accurate than the previous V 7.3.0.1 version.
METHODS
This observational study was conducted in a university hospital (CHU Brest, France). Our local ethical committee gave approval (Clermont Tonnerre Hospital). After informed written consent, all consecutive cardiovascular ICU patients were included during two 1-week periods in January and May 2009. All patients were monitored with a radial artery catheter. The clip-on pulse oximeter probe was placed at the extremity of the second finger on the same side as the arterial catheter. The results from the Rad7 were compared with the arterial Hb concentration obtained from the automated hematology analyzer, XE-2100 (Roche, Neuilly sur Seine, France), used in our hospital. According to our biological department quality controls, coefficients of variation of repeatability and reproducibility for the XE-2100 are Ͻ1% and 1.33%, respectively, giving accuracy for Hb measurement of approximately 0.05 g/dL.
Blood samples were collected via arterial lines in serum tubes with gel (EDTA tube, volume 10 mL; Becton Dickinson Vacutainer, Le Pont de Claix, France) after a purge of 5 mL and taken to the laboratory immediately after collection. All sample tubes were completely filled and their volumes were constant. They were analyzed once for the purposes of this observational study. When an arterial blood sample needed to be collected for determination of Hb concentration, the Hb concentration and perfusion index shown by the Rad7 were recorded simultaneously. Two software versions of Rad7 were studied. During the first week, version V 7.3.0.1 was used, and for the second week, the software had been updated to version V 7.3.1.1. With the second software version, Rad7 values were recorded only when the device indicated that the values were reliable.
Statistical analyses were performed using the "base," "psy," and "boot" packages of R software (R foundation for Statistical Computing, Vienna, Austria; available at http://www.R-project.org), and SAS software, version 9.1 (SAS Institute, Inc., Cary, NC) for mixed models.
Bias was defined as the difference between the Rad7 Hb (Masimo SpHb) and the XE-2100 Hb (laboratory Hb), that is, Masimo SpHb Ϫ laboratory Hb. A mixed model was used to calculate bias to consider repeated measurements in the same patient. Intrapatient correlation was estimated with a TOEP 2 structure for the covariance matrix. 12 Data are presented as mean Ϯ SD. Agreement between the 2 analyzers was assessed using the Bland-Altman method for repeated measures 13, 14 and an intraclass correlation coefficient for continuous data. 15 We used 95% prediction intervals instead of conventional 95% limits of agreement in the Bland-Altman graph because of the small sample size. A 95% prediction interval has a 95% chance of containing the value of a future observation. Correlation analysis was performed using a Fisher transformation.
We also studied Hb bias according to the perfusion index values to determine whether the Rad7 correctly calculated Hb concentration at a low perfusion index. A P value Ͻ0.05 was considered as statistically significant. All confidence and prediction intervals were 2-sided.
RESULTS
The study included 41 patients admitted to the 7-bed postcardiac surgery unit: 14 patients for the first software version (age 75 Ϯ 6 years, 7 male, 42 points of comparison) and 27 for the second (age 66 Ϯ 10 years, 21 male, 61 points of comparison). All patients were Caucasian. Patient temperatures were between 36°C and 38°C throughout the study period. All patients received midazolam, sufentanil, paracetamol, nefopam, and morphine, and 40% of the patients received norepinephrine. The first measurement was made while patients were receiving mechanical ventilation; for subsequent measures, patients were breathing spontaneously. Mean Hb concentrations, R 2 coefficient, intraclass coefficient, and bias are shown in Table 1 . The difference between Rad7 and XE-2100 measurements of Hb could vary considerably for different analyses in a single patient with no correlation with Hb values. For example, the bias varied from Ϫ6.3 to ϩ1.2 g/dL in 1 patient and from ϩ0.2 to Ϫ3.8 g/dL in another. Hence, the difference between the methods for different sampling times in the same patient was not always constant. The intrapatient correlation was 0.27 for V 7.3.0.1 and 0.43 for V 7.3.1.1. The mean bias was not significantly different for the 2 Rad7 software versions (95% confidence interval [CI] for the difference in the bias: Ϫ0.4 to 1.3, P ϭ 0.28).
There was a weak correlation between the Hb concentrations measured using the 2 versions of Rad7 and those from the XE-2100 (R 2 ϭ 0.11, 95% CI: 0.00 -0.33 for the V 7.3.0.1 software; R 2 ϭ 0.27, 95% CI: 0.09 -0.46 for the V 7.3.1.1 software) ( Fig. 1) . Figure 2 shows the Bland-Altman plot of bias for the 2 software versions against the reference XE-2100. Figure  3 shows a weak logarithmic relationship in the difference between Hb concentration (SpHb) and Hb and the perfusion index (R 2 ϭ 0.33, 95% CI: 0.10-0.56 for the V 7.3.0.1 software; R 2 ϭ 0.13, 95% CI: 0.01-0.32 for the V 7.3.1.1 software). Notably, the difference increased when the perfusion index decreased. For the V 7.3.0.1 software, the average absolute Hb difference was 1.9 g/dL for perfusion index Ͻ2 and 0.8 g/dL for perfusion index Ͼ2 (P ϭ 0.03). For the V 7.3.1.1, the average absolute difference was 2.1 g/dL when the perfusion index was Ͻ2, and 1.55 g/dL when the perfusion index was Ͼ2 (P ϭ 0.26).
DISCUSSION
Our study demonstrates the poor accuracy of a device that measures Hb noninvasively using multiwavelength pulse oximetry in postcardiac surgery patients. Differences between Hb measured noninvasively by Masimo's Rad7 pulse oximeter and a laboratory hematology analyzer were similar for the 2 software versions, but the intraclass correlation and the correlation coefficient R 2 were higher for the newer version (7.3.1.1) than for the earlier version (7.3.0.1), although these differences were not statistically significant and both software versions were too inaccurate to be of clinical use. The Rad7 was even less reliable when the perfusion index was weak.
Reliable noninvasive tools are desirable to monitor acutely ill patients. The Hb concentration monitoring based on multiwavelength pulse oximetry developed by Masimo has considerable potential applications in anesthesiology and intensive care. However, there are few published clinical data related to this device and no study has evaluated the accuracy of this technique after cardiac surgery. In cardiac surgery, low Hb concentrations are associated with worse outcomes, 11, 16 so it is important to detect bleeding early, particularly in the postoperative period when hemorrhage may be occult. The Rad7 could potentially enable appropriate management of bleeding to be instituted earlier than with traditional laboratory Hb measures. Early recognition of the need for massive transfusion, combined with aggressive management of hemorrhage by surgical and nonsurgical means, has a significant potential to reduce early mortality. 17 Moreover, because blood transfusion may be associated with increased morbidity and mortality, 4 the Rad7 could potentially help limit blood transfusions to those patients for whom they are really necessary. The Rad7 could also reduce the need for repeated blood samples, which can contribute to progressive anemia in ICU patients. 18, 19 Pulse oximetry was designed to measure arterial oxygen saturation. Multiwavelength oximetry was designed to measure SpHb. Skin pigmentation, gender, and the type of oximeter probe all affect pulse oximeter accuracy at low arterial oxygen saturation. 20 Because the Rad7 Hb determination is based on the oximetry waveform, if there is error in the pulse oximeter saturation measurement, it is likely that the SpHb determination would also have error. Our results showed a mean absolute difference between SpHb and Hb of 1.2 and 1.8 g/dL for the 2 Rad7 software versions, respectively. Moreover, in patients with hypovolemia secondary to bleeding, a decrease in tissue perfusion, particularly of the skin, can occur with a resultant decrease in tissue perfusion. According to the manufacturer's information, the perfusion index is a relative assessment of the pulse strength at the monitoring site, and as such is an indirect and noninvasive measure of peripheral perfusion. It is calculated by giving the pulsatile signal (during arterial inflow) as a percentage of the nonpulsatile signal, both of which are derived from the amount of infrared (940 nm) light absorbed. The perfusion index is a numerical value that indicates the strength of the "pulsatile component" of the infrared signal returning from the monitoring site. The Masimo infrared signal is influenced primarily by the amount of blood at the monitoring site, not by the level of oxygenation of the blood. An important observation of our study was that the lower the perfusion index, the larger the mean absolute bias between the Rad7 and the central laboratory analyzer. A decrease in perfusion index suggests increased vascular resistance. A hypothermic, bleeding, or shocked patient is at risk of skin vasoconstriction and, therefore, has less tissue perfusion and a low perfusion index. The Rad7 analyzer may not be sufficiently accurate in such cases. In our study, the bias was larger when the perfusion index measured by the Rad7 decreased, limiting the ability of the Rad7 to detect the bleeding. Although the ability of the Rad7 to accurately measure the Hb concentration was better with the second software version, our results still demonstrate insufficient accuracy for this system to be used in clinical practice.
Our findings contrast with those of 2 recent studies by the same authors, 8, 9 who reported much greater accuracy for the Rad7. The first study, 8 published only in abstract form, compared SpHb measurements with invasive laboratory measurements in surgical patients and in healthy adults undergoing normovolemic hemodilution and reported a mean bias of 0.03 g/dL and a precision of 1.12 g/dL. The second study, 9 in healthy adults undergoing normovolemic hemodilution, reported a bias of 0.15 g/dL and a precision of 0.92 g/dL. Of note, in this study, some 2.4% of measurements were excluded from the analysis because of device low signal quality. The authors concluded that the accuracy of SpHb was unaffected by perfusion index and that SpHb is an acceptable alternative to invasive Hb tests for many clinical scenarios. The differences between these studies and ours are likely related to the different patient populations, mostly healthy volunteers versus critically ill cardiac surgery patients, and the use of hemodilution to induce anemia. Hence, from these studies, if plasma volume remains constant as a result of fluid infusion, the Rad7 may be accurate. If, however, anemia is associated with hypovolemia, as in our study, the Rad7 gives discrepant results compared with those obtained with the central hematology analyzer. Moreover, by assessing the Rad7 in cardiac surgery patients, our results are more relevant to clinical practice than results from healthy volunteers. In another abstract, Lamhaut et al. 21 reported a good correlation between the Masimo reading and the laboratory result in patients undergoing a urologic surgical procedure with risk of hemorrhage. However, the standard deviation was 1.11 g/dL so that the Hb bias in 95% of patients ranged between Ϯ2 g/dL, which is quite high. These authors used only linear regression and not a Bland-Altman analysis. Moreover, the probe and software were different from those used in our study. A recent study by Miller et al. 22 reported that absolute differences between SpHb and laboratory Hb were Ͼ2.0 g/dL for 22% of patients undergoing spinal surgery, in agreement with our findings. In this study, 22 the differences were also reduced when the perfusion index was higher.
We chose to analyze arterial blood samples because we thought that results from arterial blood samples would be more reliable within the same patient than venous samples. Moreover, blood samples could be easily drawn from the arterial lines that are sited routinely in all our cardiac surgery patients. We also wanted to prevent any possibility of "false" anemia induced by hemodilution around venous lines. Nevertheless, it is interesting to note that Evron et al. 23 reported no significant differences between the Hb concentrations obtained from various sampling sites (peripheral vein, central vein, and radial artery) or at different times.
One of the limitations of our study is that the blood samples were not run in duplicate. This point will be considered in future studies. However, weekly quality control in our laboratory gives a variability coefficient Ͻ1% for Hb measurement.
CONCLUSION
Although monitoring Hb concentrations in real time has wide applications in anesthesiology and intensive care, the values obtained need to be very accurate before such a system can be used in daily clinical practice. Our study shows poor correlation between Hb measured noninvasively by multiwavelength pulse oximetry and a laboratory hematology analyzer. The difference was greater when the pulse oximetry perfusion index was low, as may occur in shock, hypothermia, or vasoconstriction patients. The accuracy of the multiwavelength pulse oximetry, therefore, needs to be improved before we can recommend its use in the anesthesiology or intensive care setting.
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